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Abstract 

7 Line broadening of the hydrogen Balmer lines provides a sensitive measure of the number and energy of excited hydrogen 

atoms in a glow discharge plasma. The width of the 656.2 nm Balmer 2 line emitted from glow discharge plasmas having 
9 atomized hydrogen from pure hydrogen alone, hydrogen with magnesium or strontium* a mixture of 10% hydrogen and 

helium, argon, krypton, or xenon, and a mixture of 10% hydrogen and helium or argorvwith strontium was measured 
1 1 with a high resolution (±0.025 nm) visible spectrometer. It was found that strontium-hydrogen, helium-hydrogen, argon- 
hydrogen, strontium-helium-hydrogen, and strontium- argon-hydrogen plasmas showed significant broadening corresponding 
13 to an average hydrogen atom temperature of 25-45 eV; whereas, pure hydrogen, krypton-hydrogen, xenon-hydrogen, and 

magnesium-hydrogen showed no excessive broadening corresponding to an average hydrogen atom temperature of =s 3 e V. 
15 Since line broadening is a measure of the plasma temperature, and a significant difference was observed between these noble 

gases, the power balances of glow discharge plasmas of ( I ) pure krypton alone* . (2) a mixture of hydrogen with argon or 
17 krypton and (3) a mixture of hydrogen and helium or argon with vaporized sorOhtium were measured. The power emitted 

for power supplied to the glow discharge increased by 35-83 W depentfn&oo}the presence of helium or argon and less than 
19 1% partial pressure of strontium metal in noble gas-flydrogen mixtures. Whereas, the chemically similar noble gas krypton 

alone or with hydrogen had no effect on the power balance: Catalyst atoms or ions which ionize at integer multiples of the 
2 1 potential energy of atomic hydrogen (Sr, He*, or Ar + ) caused an increase in power, whereas, no excess power was observed 

in the case of krypton which does not provide a reaction with a net enthalpy of a multiple of the potential energy of atomic 
23 hydrogen under these conditions. For a power input© tbe glow discharge of 11 0 W, the excess output power of mixtures of 

strontium with argon-hydrogen ( strontror*with Irjdrogen, strontium with helium-hydrogen { x%>» and argon-hydrogen 
25 ( ~ %) was 75, 58, 50, and 28 W, respectively! based^a comparison of the temperature rise of the cell with krypton-hydrogen 

mixture ( j %) and krypton alone. The ingut p<r#er was varied to find conditions that resulted in the optimal output for the 
27 strontium-hydrogen plasma. At 136 Vifc mp^dr%excess power significantly increased to 184 W. These studies provide a 

useful comparison of catalysts for uWopiifniiation of a catalytic reaction of atomic hydrogen which represents an important 
29 new power source. © 2001 PublisflStij* B%vier Science Ltd on behalf of the International Association for Hydrogen Energy. 



I. Introduction 

31 I I. Background 

Balmer showed in 1885 that the frequencies for some 
33 of the lines observed in the emission spectrum of atomic 
hydrogen could be expressed with a completely empirical 
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relationship. This approach was later extended by Rydberg, 
who showed that all of the spectral lines of atomic hydrogen 
were given by the equation: 



-(H) 



(1) 



,n, = 1.2,3, 



n, = 2.3,4, 



where R = 109,677 cm" 
and /?,- > ny. 

Niels Bohr, in 1913, developed a theory for atomic hy- 
drogen that gave energy levels in agreement with Ryd- 
berg's equation. An identical equation, based on a totally 



0360-3 1 99/01/$ 20.00 © 2001 Published by Elsevier Science Ltd on behalf of the International Association for Hydrogen Energy. 
PH: S0360-3I99(0I )00I720 



35 



37 



39 

41 
43 



IHE 13381 



ARTICLE IN PRESS 



R.L Mdh et al. / International Journal of Hydrogen Energy III (UU) Ill-Ill 



diffcrcn! theory for the hydrogen atom, was developed by 
Schiddinger, and independently by Heisenberg, in 1926. 



13.598 eV 



/? « 1.2,3,... 



(2a) 
(2b) 



3 where o H is the Bohr radius for the hydrogen atom 

(52.947 pm), e is the magnitude of the charge of the elec- 
5 tron, and e» is the vacuum permittiviry. Based on the solution 

of a Schrodinger-rype wave equation with a nonradiative 
7 boundary condition from Maxwell's equations, Mills [I- 

27] predicts that atomic hydrogen may undergo a catalytic 
9 reaction with certain atomized elements or certain gaseous 

ions which singly or multiply ionize at integer multiples 
II of the potential energy of atomic hydrogen, 27.2 eV. The 

reaction involves a nonradiative energy transfer to form a 
1 3 hydrogen atom that is lower in energy than unreacted atomic 

hydrogen that corresponds to a fractional principal quantum 
15 number where Eq. (2b) should be replaced by Eq. (2c). 

n =1,2,3 and, « « r. |. 7,..- . (2c) 

2 3 4 

A number of independent experimental observations lead to 
17 the conclusion that atomic hydrogen can exist in fractional 

quantum states that are at lower energies than the traditional 
19 "ground" (n = I) state. 

1.2. Lower-energy hydrogen experimental data 

21 Prior studies that support the possibility of a novel re- 
action of atomic hydrogen which produces a chemically 

23 generated or assisted plasma and produces novel hydride ^ 
compounds include extreme ultraviolet (EUV) spectroscopy 

25 [6-11,14-18], characteristic emission from catalysiscand- 
the hydride ion products [8,9), lower-energy hydrogen 

27 emission [4,6,7], plasma formation [8-1 1,1 4,_Jk5,I ?3 8]^ 
anomalous plasma afterglow duration [17,I8|^oM^gei£' 

29 eration [10-14,25], and analysis of cherrjjcaf^fwipcwhds 
[19-25]. Typically the emission of vaaaSn^raVMet light 

31 from hydrogen gas is achieved usin^^SSfees at high 
voltage, synchrotron devices, hijrigpta erW uctivery cou- 

33 pled plasma generators, or a plasjha is created and heated to 
extreme temperatures by R^ooU^^e.g. > 10 6 K) with 

35 confinement provided b^toroidaj™gnetic field. Obser- 
vation of intense exttern^.uJtt^olet (EUV) emission at 

37 low temperatures (e.g. ^(Jr^ltjf^ atomic hydrogen and 
certain atomized element*** certain gaseous ions [6-1 1,14 

39 -18] has been reported previously. The only pure elements 
that were observed to emit EUV were those wherein the 

41 ionization of t electrons from an atom to a continuum en- 
ergy level is such that the sum of the ionization energies of 

43 the / electrons is approximately m ■ 27.2 eV where / and m 
are each an integer. K, Cs, and Sr atoms and Rb + ion ionize 

45 at integer multiples of the potential energy of atomic hydro- 
gen and caused emission. Whereas, the chemically similar 

47 atoms. Na, Mg, and Ba, do not ionize at integer multiples 



of the potential energy of atomic hydrogen and caused no 
emission. Additional prior studies that support the possibil- 
ity of a novel reaction of atomic hydrogen which produces 
a plasma and lower-energy-hydrogen atoms, molecules, 
hydride ions, and novel hydride compounds include: 

( 1 ) the observation of novel EUV emission lines from mi- 
crowave and glow discharges of helium with 2% hydrogen 
with energies of q- 1 3.6 eV where q~ 1 , 2, 3, 4, 6, 7, 8, 9, 
or 11 or these lines inelastically scattered by helium atoms 
in the excitation of He (Is 2 ) to He ( is^p' ) that were iden- 
tified as hydrogen transitions to electronic energy levels be- 
low the "ground" state corresponding to fractional quantum 
numbers [6], 

(2) the identification of transitions of atomic hydrogen to 
lower energy levels corresponding to lower energy hydrogen 
atoms in the extreme ultraviolet emission; soeemrav from 
interstellar medium and die sun [1,4,6], ' - : - 

(3) the EUV spectroscopic observation of lines by the In- 
stitut fur Niederlemrxrarur-PIasmaphysik e.V. that could be 
assigned to transitions of atomic hydrogen: to lower energy 
levels corresponding to fractional principal quantum num- 
bers and the emission from the excitation of the correspond- 
ing hydride ions [ 1 6]^^ *■ 

(4) the recent analysis of mobility and spectroscopy data 
of individual electrons at liquid helium which shows direct 
exrwmentale^u%Tnatiort that electrons may have fractional 
principal quantum %ergy levels [5], 

(5) . tie oBsetyatfbn of novel EUV emission lines from 
micr^ai^discfSrges of argon or helium with 10% hydro- 
gen tha^afimed those predicted for vibrational transitions 

- 'of HJ [n iT = 2] + with energies of 0 * 1.1 85 eV, 0= 17- 
• 38 tfe terminated at the predicted dissociation limit, £ D , of 
H2[ff=i] + , £0 = 42.88 eV (28.92 nm) [7], 

(6) the observation of continuum state emission of Cs 2 * 
N and At 2 * at 53.3 and 45.6 nm, respectively, with the absence 

of the other corresponding Rydberg series of lines from these 
species which confirmed the resonant nonradiative energy 
transfer of 27.2 eV from atomic hydrogen to the catalysts 
atomic Cs or Ar + [9], 

(7) the spectroscopic observation of the predicted hydride 
ion H~( j) of hydrogen catalysis by either Cs atom or Ar + 
catalyst at 407 nm corresponding to its predicted binding 
energy of 3.05 eV [9], 

(8) the observation of characteristic emission from K 3+ 
which confirmed the resonant nonradiative energy transfer 
of 3 • 27.2 eV from atomic hydrogen to atomic K [9], 

(9) the spectroscopic observation of the predicted H"( • ) 
ion of hydrogen catalysis by K catalyst at 1 10 nm corre- 
sponding to its predicted binding energy of 11. 2 eV [9], 

( 10) the observation by the Instirut fur Niedertemperatur- 
Plasmaphysik e.V. of an anomalous plasma and plasma af- 
terglow duration formed with hydrogen-potassium mixrures 
[17], 

(11) the observation of anomalous afterglow durations 
of plasmas formed by catalysts providing a net enthalpy of 
reaction within thermal energies of m • 27.28 eV [17,18], 
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(12) ihe observation of Lyman series in ihe EUV that 
represents an energy release about 10 times that of hydrogen 
combustion which is greater than that of any possible known 
chemical reaction [6-1 1.14-18), 

(13) the observation of line emission by the Institut fur 
Niedertemperarur-Plasmaphysik e.V. with a 4 grazing inci- 
dence EUV spectrometer that was 100 rimes more energetic 
than the combustion of hydrogen [16], 

( 14) the observation of anomalous plasmas formed with 
Sr and Ar * catalysts at 1% of the theoretical or prior known 
voltage requirement with a light output per unit power input 
up to 8600 times that of the control standard light source 
[I0.1U3.I4], 

(15) the observation that the optically measured output 
power of gas cells for power supplied to the glow discharge 
increased by over two orders of magnitude depending on the 
presence of less than 1% partial pressure of certain catalysts 
in hydrogen gas or argon-hydrogen gas mixtures [13], 

( 1 6) the differential scanning calorimetry (DSC) measure- 
ment of minimum heats of formation of KHl by the catalytic 
reaction of K with atomic hydrogen and KI that were over 
-2000 kJ/mole H> compared to the enthalpy of combustion 
of hydrogen of -241.8 kJ/mole H 2 [25], 

( 17) the isolation of novel hydrogen compounds as prod- 
ucts of the reaction of atomic hydrogen with atoms and ions 
which formed an anomalous plasma as reported in the EUV 
studies [19-25], 

(18) the identification of novel hydride compounds by 
(i) time of flight secondary ion mass spectroscopy which 
showed a dominant hydride ion in the negative ion spec- 
trum, ( ii) X- ray photoelectron spectroscopy which showed 
novel hydride peaks and significant shifts of the core levels vv-> 
of the primary elements bound to the novel hydride ions, ( iii 

1 H nuclear magnetic resonance spectroscopy (NMR) wbich%^ r 
showed extraordinary upfield chemical shifts compared* to 
the NMR of the corresponding ordinary hydrides*, and r»#' 
thermal decomposition with analysis by gas- chromatogra- 
phy , and mass spectroscopy which idenufied,tfi£cbrnpouT>d$ 
as hydrides [ 19-25], ' A "'k* ;: 

(19) the NMR identification of iwveftyoraecompounds 
MH*X wherein M is the alkali «"att»Jifii$ earth metal, X, 
is a halide, and H* comprises &povel figh binding energy 
hydride ion identified by large i&tijxf upfield resonance 
[19-24], X 

(20) the replication of tfte NMR results of the identifica- 
tion of novd hydride c^j^unds by large distinct upfield 
resonances at Spocl&r C^Efi Services, University of Mas- 
sachusetts Amherst, University of Delaware, Grace Davi- 
son, and National Research Council of Canada [19], and 

(2 1 ) the NMR identification of novel hydride compounds 
MH* and MrK wherein M is the alkali or alkaline earth 
metal and H* comprises a novel high binding energy hy- 
dride ion identified by a large distinct upfield resonance that 
proves the hydride ion is different from the hydride ion of 
the corresponding known compound of the same composi- 
tion [19]. 



1.3. Mechanism of the fonnation of lower-energy atomic 
hyitrogen 

The mechanism of the EUV emission, the formation of 
novel hydrides, and the observation of certain EUV lines 
from interstellar medium and the sun cannot be explained 
by the conventional energy levels of hydrogen, but it is 
predicted by a solution of the Schrodinger equation with a 
nonradiative boundary constraint put forward by Mills [I]. 
Mills predicts that certain atoms or ions serve as catalysts 
to release energy from hydrogen to produce an increased 
binding energy hydrogen atom called a hydrino atom having 
a binding energy given by Eq. (2a) where 



I 



I 
P 



(3) 



and p is an integer greater than 1, designated aaQi[anfp] 
where a H is the radius of the hydrogcaatcH^.Hydrinos are 
predicted to form by reacting an^dinarjfc hydrogen atom 
with a catalyst having a net eothafmtof reaction of about 

m-27.2eV (4) 

where m is an intege^Tbis catalysis releases energy from 
the hydrogen atom with a commensurate decrease in size of 
the hydrogen atom, r„ ±nctH. For example, the catalysis of 
H(n = I ) to rl(m^ i ) releases 40.8 eV, and the hydrogen 
radius decreases from a» to \an. 

The, exciteoS energy states of atomic hydrogen are also 
giveisby^Bq. (25)' except with Eq. (2b). The n = I state is 
uHe ^groondgState for "pure" photon transitions (the n = I 
state can absorb a photon and go to an -excited electronic 
state? but it cannot release a photon and go to a lower-energy 
electronic state). However, an electron transition from the 
ground state to a lower-energy state is possible by a nonra- 
diative energy transfer such as multipole coupling or a res- 
onant collision mechanism. These lower-energy states have 
fractional quantum numbers, n — ( I /integer). 

Processes that occur without photons and that require col- 
lisions are common. For example, the exothermic chemical 
reaction of H+H to form Hj does not occur with the emission 
of a photon. Rather, the reaction requires a collision with a 
third body, M, to remove the bond energy-H + H + M — 
H 2 + H* [28]. The third body distributes the energy from the 
exothermic reaction, and the end result is the molecule 
and an increase in the temperature of the system. Some com- 
mercial phosphors are based on nonradiative energy trans- 
fer involving multipole coupling. For example, the strong 
absorption strength of Sb J+ ions along with the efficient 
nonradiative transfer of excitation from Sb 5+ to Mn* + are 
responsible for the strong manganese luminescence from 
phosphors containing these ions [29]. Similarly, the n = I 
state of hydrogen and the n = ( 1 /integer) states of hydro- 
gen are nonradiative, but a transition between two nonradia- 
tive states is possible via a nonradiative energy transfer, say 
n = I to n = In these cases, during the transition the elec- 
tron couples "to another electron transition, electron transfer 
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reaction, or inelastic scattering reaction which can absorb 
the exact amount of energy that must be removed from the 
hydrogen atom to cause the transition. Thus, a catalyst pro- 
vides a net positive enthalpy of reaction of m- 27.2 eV (i.e. it 
absorbs m • 27.2 e V where m is an integer). Certain atoms or 
ions serve as catalysts which resonantly accept energy from 
hydrogen atoms and release the energy to the surroundings 
to effect electronic transitions to fractional quantum energy 
levels. 

The catalysis of hydrogen involves the nonradiative trans- 
fer of energy from atomic hydrogen to a catalyst which may 
then release the transferred energy by radiative and nonra- 
diative mechanisms. As a consequence of the nonradiative 
energy transfer, the hydrogen atom becomes unstable and 
emits further energy until it achieves a lower-energy nonra- 
diative state having a principal energy level given by Eqs. 
(2a) and (3). 

1.4. Catalysts 

J. 4. J. Argon ion 

Argon ions can provide a net enthalpy of a multiple of that 
of the potential energy of the hydrogen atom. The second 
ionization energy of argon is 27.63 eV. The reaction Ar + to 
Ar + has a net enthalpy of reaction of 27.63 eV, which is 
equivalent to m = I in Eq. (4). 

27.63 eV + Ar + + H 



1.4.2. Helium ion 

Helium ion (He + ) is also such a catalyst because the 43 
second ionization energy of helium is 54.417 eV, which is 
equivalent to m - 2 in Eq. (4). In this case, the catalysis 45 
reaction is 



54.417 eV + He + + H[<7 H ) 

— He 2+ + e~ + H [y J + 108.8 eV, 

He 2+ + e~ — He + + 54.417 eV, 

and, the overall reaction is 

H[oh] - H [y ] + 54.4 eV + 54.4 eV. 



1.4 J. Atomic strontium 

Strontium atoms can provide a 
of that of the potential energy ordhe hy 




(9) 



(10) 



(ID 



first through the fifth ionizajjogier^ 



pt^Eo^C multiple 
gen atom. The 
f strontium are 

5.69484, II. 0301 3 f 42.89*57 v 7^6 eV, respectively 
[30]. The ionization reaction i ofgr tcr Sr 5 *, (r = 5), then, has 
a net enthalpy of reaction: of 183:2 eV, which is equivalent 
to m = 7 in Eq. (4). : . • " 



188.2 eV ^SH^>t H \-J 



4^^5/ + H 



+ H 



AH 



[</>+ ■ ) 
Ar :+ + e' - Ar + + 27.63 eV 

and, the overall reaction is 



+ [<*>+ I) 2 -p 3 ]* 136 eV, (5) 

(6)T 



oh 



%[(p + 7)'-p-]Afl3.6eV, 



„. Sf** + 5e" - Sr(m) + 188.2 eV, 



(12) 



(13) 



H 



— I — » H 



an 



</>+*) 



+ [(/>+ I) 2 -p 2 J*13.6eY^ 



and, the overall reaction is 



The energy given off during catalysis is much greater than 
the energy lost to the catalyst. The energy released is large 
compared to conventional chemical'reac tides. For example, 
when hydrogen and oxygen gates undergo combustion to 
form water , . . ; >: 



«" "[*]-« [5? 



7) 



+ [(P+?) 2 -P*]X 13.6 eV. 



(14) 



H : (g)+}0 2 (g)-H 2 0e|) 



(8) 



1 he known enthalpy of? formation of water is A/r> = 
-286 U/mole or K43 eV per hydrogen atom. By contrast, 
each (n = I ) ordinary hydrogen atom undergoing cataly- 
sis releases a net of 40.8 eV. Moreover, further catalytic 
transitions may occur n = \ — ► 3, \ — * \ — » }* and 
so on. Once catalysis begins, hydrinos autocatalyze further 
in a process called disproportionate. This mechanism is 
similar to that of an inorganic ion catalysis. But, hydrino 
catalysis should have a higher reaction rate than that of 
the inorganic ion catalyst due to the better match of the 
enthalpy to m - 27.2 eV. 



For strontium, the ionization data is only given to two sig- 
nificant figures [31]; whereas, at least three are needed to 
calculate the enthalpy of reaction to determine whether it is 
a catalyst. Since the available data indicates that strontium 
may provide an enthalpy of reaction that is within about 1% 
of m • 27 2 eV, it was anticipated and confirmed to be cata- 
lyst [10,1 1,13-151. 

Xenon is unlikely a catalyst since the candidate reaction 
involving the ionization of Xe + to Xe* is 533328 eV rather 
than 54.4 eV. Krypton may be a catalyst, but is less likely 
since the candidate reaction Ki to Itr** is 271 eV rather 
than 272 eV; however, the available ionization data [30] is 
not known to sufficient accuracy, A neon ion and a proton 
can also provide a net enthalpy of a multiple of that of 
the potential energy of the hydrogen atom; thus, neon may 
be a catalyst in a very intense neon-hydrogen plasma. The 



47 



49 



51 



53 



55 



57 

59 

61 

63 

65 

67 

69 

71 
73 



IHE 13381 



ARTICLE IN PRESS 



R.L Mills et at. I International Journal of Hydrogen Energy III fllllj Ill-Ill 



13 



IS 



17 



19 



21 



23 



25 



27 



29 



31 



33 



35 



37 



39 



41 



43 



45 



47 



49 



51 



53 



second ionization energy of neon is 40.% eV, and H + re- 
leases 13.6 eV when it is reduced to H. The combination of 
reaciions of Ne* to Ne" + and H* to H, then, has a net en- 
thalpy of reaction of 27.36 eV. which is equivalent to m = I 
in Eq. (4). Neon is not covered in this report, but is the 
subject of a report in progress. 

The published ionization potentials are a good guide 
to predict catalysts and have been remarkably successful 
[8-1 1. 14.1 5 J 7, 1 8]. but in some cases, the ionization data 
is incomplete (30). Experimental condition-dependent cat- 
alytic rates are also a consideration. The absolute means 
to evaluate catalysts are experimental tests. Two methods 
are the formation of a plasma by incandescent heating the 
source of catalyst in the presence of atomic hydrogen [ 1 5] 
and line broadening which was measured in the present 
work. 

1.5. Initial optical and thermal power balance 
measurements 



Glow discharge devices have been developed over 
decades as light sources, ionization sources for mass spec- 
troscopy, excitation sources for optical spectroscopy, and 
sources of ions for surface etching and chemistry [31-33]. 
A Grimm-rype glow discharge is a well established exci- 
tation source for the analysis of conducting solid samples 
by optical emission spectroscopy [34-36]. Despite exten- 
sive performance characterizations, data was lacking on 
the plasma parameters of these devices. Kuraica and Kon- 
jevic [37] and Videnocic et al. [38] have characterized 
these plasmas by determining the excited hydrogen atom 
concentrations and energies from measurements of the line 
broadening of the 656.2 nm Balmer a line. 

A new previously reported plasma source [8-1 l,L£15, : 
17.18] has been developed that operates by incandescent 
heating a hydrogen dissociator and a catalyst ta pnwdej 
atomic hydrogen and gaseous catalyst, respectWejy^ suwi 
that the catalyst reacts with the atomic hydrogen t6 produce 
a plasma. It was extraordinary, that intense EUV-'emission 
was observed by Mills et aJ. [8-1 U4,15vl7,I8Tat iow tem- 
peratures (e.g. =s 10* K) from atom* bydfbgen and certain 
atomized elements or certain gaseous ions which singly or 
multiply ionize at integer muluptes of the potential energy 
of atomic hydrogen, 27.2 eV that comprise catalysts. 

Furthermore, Mills et ak [I0JI.14] have reported that 
srrontium atoms each ionize at an integer multiple of 
the potential energy of atomic hydrogen and caused in- 
tense EUV emission. The enthalpy of ionization of Sr to 
Sr + has a net enthalpy of reaction of 188.2 eV, which 
is equivalent to m = 7. The emission intensity of the 
plasma generated by atomic strontium increased signifi- 
cantly with the introduction of argon gas only when Ar + 
emission was observed. Whereas, no emission was ob- 
served when chemically similar atoms that do not ionize at 
integer multiples of the potential energy of atomic hydro- 
gen (sodium, magnesium, or barium) replaced strontium 



with hydrogen, hydrogen-argon mixtures, or strontium 
alone. 

The power balance of a gas cell having vaporized 
strontium and atomized hydrogen from pure hydrogen or 
argon-hydrogen mixture (55%) was measured by inte- 
grating the total light output corrected for spectrometer 
system response and energy over the visible range [II]. 
Hydrogen control cell experiments were identical except 
that sodium, magnesium, or barium replaced strontium. In 
the case of hydrogen-sodium, hydrogen-magnesium, and 
hydrogen-barium mixtures, 4000, 7000, and 6500 times 
the power of the hydrogen-strontium mixture was required, 
respectively, in order to achieve that same optically mea- 
sured light output power. With the addition ofcargon to 
the hydrogen-strontium plasma, the power required to 
achieve that same optically measured ligjkfe output power 
was reduced by a factor of about two. Tut powet required 
to maintain a plasma of equivalent j>^afcbngjtijtfiess with 
strontium atoms present was 8600ind 6300 times less than 
that required for argon-hydrogen aad argoijf control, respec- 
tively. A plasma formed afcifctH vottage of about 250 V 
for hydrogen alone and s^ium^fiydrogen mixtures, 140 
-150V for hydrogenH-magnesium and hydrogen-barium 
mixtures. 224 V for an argon-hydrogen mixture, and 190 V 
for argon alone; whereas* a plasma formed for hydrogen- 
strontium mixtures and argon-hydrogen-strontium mix- 
tures at extremely, low voltages of about 2 and 6.6 V, 
respectively. - 

Thfc power balances of gas plasmas having atomized 
hvcfroge^from pure hydrogen alone, an argon-hydrogen 
^mature alone, or pure hydrogen or an argon-hydrogen 
mixraie with vaporized potassium, rubidium, cesium, stron- 
£ trum, sodium, or magnesium were previously reported [13]. 
^s^Tne power was measured by integrating the total light out- 
put corrected for spectrometer system response and energy 
over the visible range as the input power was varied. The 
light emitted per unit power supplied to the glow discharge 
increased by over two orders of magnitude depending on 
the presence of less than 1% partial pressure of certain 
of the alkali or alkaline earth metals in hydrogen gas or 
argon-hydrogen gas mixtures. Whereas, other chemically 
similar metals had no effect on the plasma. The metal vapor 
enhancement of the emission was dramatically greater with 
an argon-hydrogen mixture versus pure hydrogen, and a 
97% argon and 3% hydrogen mixture had greater emission 
than either gas alone. Only those atoms or ions which ion- 
ize at integer multiples of the potential energy of atomic 
hydrogen, K, Cs, Rb\ Sr, and Ar + caused an anomalous 
increase in emission; whereas, no anomalous behavior was 
observed in the case of Mg and Na which do not provide 
a reaction with a net enthalpy of a multiple of the potential 
energy of atomic hydrogen. The light intensity versus power 
input of a mixture of these metals with hydrogen, argon, or 
argon-hydrogen gas was the same as that of the correspond- 
ing gas alone. At an input power to the glow discharge of 
10 W, the optically measured light output power of a mix- 
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I rure of strontium, cesium, potassium, or rubidium with 97% 
argon and 3% hydrogen was 750, 70, 16, and 13 uW/cnv, 
3 respectively [13). Whereas, the optically measured light 
output power of the argon-hydrogen mixture ( j%) alone 
5 or with sodium or magnesium was about 1 1 u,W/cnv, and 
the result for hydrogen or argon alone was l.5u.W/cm\ 
7 An excess thermal balance of 42 W was measured for 
the 97% argon and 3% hydrogen mixture versus argon 
9 plasma alone. 

To further study the mechanism of the excess optical 
1 1 power balances, the width of the 656.2 nm Balmer a line 
emitted from glow discharge plasmas having atomized 
1 3 hydrogen from pure hydrogen alone, hydrogen with magne- 
sium or strontium, and noble gas-hydrogen mixtures alone 
15 or with strontium was measured with a high resolution 
(±0.025 nm) visible spectrometer. Since line broadening 
17 . is a measure of the plasma temperature, and a significant 
difference was observed between these noble gases and due 
19 to the presence of strontium, the power balances of glow 
discharge plasmas were measured by heat loss calorimerry 
21 (determining the power balance from the temperature at 
steady state relative to that of a control power source) as 
the input power was varied. 



2. Experimental 

2.1. High resolution visible spectroscopy 25 

The width of the 656.2 nm Balmer cx line emitted from 
giow discharge plasmas having atomized hydrogen from 27 
pure hydrogen alone, hydrogen with magnesium or stron- 
tium, a mixture of 10% hydrogen and helium, argon, kryp- 29 
ton, or xenon, and a mixture of 10% hydrogen and helium or 
argon with strontium was measured with a high resolution 31 
visible spectrometer at Jobin Yvon Horiba, Inc, Edison, NJ. 
The plasmas were carried out in me cylindrical stainless steel 33 
gas cell shown in Fig. I and described in Section 2.2. The 
spectrometer was a TR1AX 550 Spectrometer wioY a stan- 35 
dard PMT detector that had a resolution of ±O.0» mri over 
the spectral range 190-860 nm. A UV-grad^ sapphire win- 37 
dow described in Section 2.2 provided atvisible light path 
from inside the cell. The plasma emission: from the glow 39 
discharges was fiber-opticaJiy coupled' ttf the spectrometer 
through a 220F matching fiber adapter. The entrance and 41 
exit slits were set to 20 ujn^lw'spectiometer was scanned 
between 656-657 nm using* 0\0f nm step size. The signal 43 
was recorded by a PNfF(Hamamatsu R928) with a stand 




3.2 nvn dta. 
Typt KTC 



23 



Fig. I. Cylindrical stainless steel glow discharge cell for 656.2 nm Bahner a line width and power balance studies. 
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Fig. 2. The experimental setup for generating a grow, discharge plasma and for measuring the power balance. 



alone high voltage power supply (950 V ) and ab acquisition 
controller (SpectrAcq 2). The data was obtained iaa single 
accumulation with a I s integration time* ^ 

2.2. Power cell apparatus ami procedure 

Power balances were measured on plasmas with (I) 
krypton alone, (2) krypton^ydrdgen mixture (y%), (3) a 
mixture of hydrogen and vaporized strontium, (4) argon- 
hydrogen mixture %); and (5) a helium-hydrogen 
mixture < ^%) of an argon-hydrogen mixture (f %) with 
vaporized strontium. The plasmas were maintained in the 
cylindrical stainless steel gas cell shown in Fig. I. and the 
power was measured by heat loss caiorimetry as the input 
power was varied. The experimental setup for generating 
a glow discharge plasma and for measuring the power bal- 
ance is shown in Fig. 2. AH experiments were performed 
in a clean room having a controlled ambient temperature of 
±0.l°C 



The 304-slainless steel cylindrical cell was 9.21 cm in 
diameter and 1 4 J cm in height. The base of the cell con- 
tained a welded-in stainless steel thermocouple well ( I cm 
OD) which housed a thermocouple in the cell interior ap- 
proximately 2 cm from the discharge and 2 cm from the cell 
axis. The top end of the cell was welded to a high vacuum 
1 1 .75 cm diameter conflat flange. A silver plated copper gas- 
ket was placed between a mating flange and the cell flange. 
The two flanges were clamped together with 10 circumfer- 
ential bolts. The mating flange contained four penetrations 
comprising (1) a stainless steel thermocouple well (1 cm 
OD) which also housed a thermocouple in the cell interior 
approximately 2 cm from the discharge and 2 cm from the 
cell axis, (2) a centered high voltage feedthrough which 
transmitted the power, supplied through a power connector, 
to a hollow cathode inside the cell, and (3) two stainless 
steel rubes (0.95 cm diameter and 1 00 cm in length) with 
one welded flush with the bottom surface of the top flange 
that served as a vacuum line from the cell and the second 
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I welded flush with the side of the cell (hat served as the line 
to supply the test gas. 

3 The axial hollow cathode glow discharge electrode assem- 
bly shown in Fig. I comprised a stainless steel plate (4.2 cm 
5 diameter, 0.9 mm thick) anode and a circumferential stain- 
less steel cylindrical frame (5.1 cm OD, 7.2 cm long) per- 
7 forated with evenly spaced 1 cm diameter holes. The cath- 
ode was attached to the cell body by a stainless steel wire 

9 covered with ceramic beads for electrical insulation, and the 
cell body was grounded. 

II A 1.6 mm thick UV-grade sapphire window with 1 .5 cm 
view diameter provided a visible light path from inside the 

13 cell. The viewing direction was normal to the eel! axis. 

Strontium (Alfa Aesar 99.95%) metal was loaded into the 

1 5 cell under a dry argon atmosphere inside a glove box. The 
cell was evacuated with a turbo vacuum pump to a pressure 

17 of < 0.0001 Torr. 

The gas in each experiment was ultrahigh purity grade or 

19 higher. Test gases comprised hydrogen, or krypton alone, 
helium-hydrogen mixture (y%), argon-hydrogen mixture 

21 ( *%\ or krypton-hydrogen mixture ( ~ %). The gas pres- 
sure inside the cell was maintained at 2 Torr with a hydrogen 

23 flow rate of 30 seem, a noble gas flow rate of 30 seem, or a 
noble gas flow rate of 28 seem and a hydrogen flow rate of 

25 2 seem. Each gas flow was controlled by a 0-20 seem range 
mass flow controller (MKS 1 179A21CSIBB) with a read- 

27 out (MKS type 246). The cell pressure was monitored by 
a 0- 10 Torr MKS Baratron absolute pressure gauge. In the 

29 absence of gas flow, the gas supply tube pressure was essen- 
tially the cell pressure. The partial pressure of the strontium 

3 1 metal was determined by its equilibrium vapor pressure at 
the operating temperature of the cell as given in Table 1 . 

33 The discharge was started and maintained by a DC elec- 
tric field in the hollow cathode supplied by a constant volt- 

35 age DC power supply (Xantrex XRF 600-2). The input 
power was calculated as the product of the constant voltage 

37 times the current. The voltage between the cathode and an- 
ode was monitored by a digital multimeter (Digital tnstru- 

39 ments 9300GB). A duplicate multimeter ur series with the 
discharge gap was used to indicate theeunemV The power 

4 1 was increased by ramping the consttnl voltage. 



2.3. Power balance measurements f'* 

43 The temperature response oiFthe cell to input power for 
the test and control gases and metals was determined. The 

45 temperature at the two thermocouples was recorded and av- 
eraged about one hour after the cell had reached a thermal 

47 steady state. The time to reach a steady state temperature 
with each increase in the input power to the glow discharge 

49 was typically 3-4 h. At this point the power Py lost from 
the cell was equal to the power supplied to the cell P m plus 

5 1 any excess power P a . 



Table I 

Vapor pressure of strontium metal versus temperature 



T 


Sr 


,0-. 

( C) 






lTou) J 


20 


8.39E-21 


70 


I.27E-16 


120 


I.62E-13 


170 


4.05E-II 


220 


3.26E-09 


270 


I.I6E-07 


320 


2.23E-06 


370 


2.69E-05 


420 


T.25E-04 


470 


j*l.4lfc-03 


500 


.-, 3V76E-03 


520 


\6.&E-03 


535 


VI.08E-02 


540 


: ' : *' 1.24E-02 


560 


A ' 2.I6E-02 


600 


6.06E-02 


620 


9.78E-02 


650 


1.93E-OI 



Calculated (39]. 

Since the heat transfer was dominated by conduction from 
the outer ccU walls; the temperature rise of the cell above 
ambient A 7* was modeled by a linear curve 



&T = aP 1 + C 



(16) 



P T = p. m + p tJ 



(15) 



where a and C are constants for the least square curve fit of 
the cell temperature response to power input for the control 
experiments (P n =0). AT was recorded as a function of 
input power P m for noncatalyst krypton alone and krypton- 
hydrogen mixtures over the input power range of 35-1 65 W. 
The higher temperature produced by the catalyst gases com- 
pared with the control gases was representative of the ex- 
cess power since the cell temperature rise was found to be 
insensitive to heat transfer mechanisms occurring inside of 
the cell — the transfer to the cell walls being very fast and 
heat loss from the wall to the outside ambient environment 
dominating the cell temperature. In the case of each catalyst 
run, the total output power Pj was determined by solving 
Eq. ( 1 6) using the measured A7\ The excess power Pc* was 
determined from Eq. (15). 



3. Results 

3. I. Line broadening measurements 

The results of the 656.2 nm Balmer ot line width measured 
with a high resolution (±0.025 nm) visible spectrometer on 
glow discharge plasmas of a mixture of 10% hydrogen and 
90% xenon, strontium with hydrogen, a mixture of 10% 
hydrogen and 90% helium, or argon, 10% hydrogen with 
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Fig. 3. The 6562 ran Bahner a line width recorded with a high resolution (±0.025 nm) visible spectrometer on a xenon-hydrogen ( 22%) 
and a hydrogen glow discharge plasma. No line excessive broadening was observed corresponding to an average Hydrogen atom temperature 
of=s3eV. 
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Fig. 4. The 6562 nm Bahner a line width recorded with a high resolution (±0.025 nm) visible spectrometer on a stronrium-hydrogen and a 
hydrogen glow discharge plasinav Significant broadening was observed corresponding to an average hydrogen atom temperature of 23-25 eV. 



11 



helium or argon and strontium each compared to control 
hydrogen alone are given* in Figs. 3-8, respectively. To 
illustrate the method of displaying each line broadening 
result as an unsrnoothed curve, the corresponding raw data 
points are also shown in Fig. 8 that further shows the scatter 
in the data. The Balmer ot line width and energetic hydro- 
gen atom densities and energies are given in Table 2. It was 
found that stronthim-hydrogen, hel rum-hydrogen, argon- 
hydrogen, strontium-hel turn-hydrogen, and strontium- 
argon-hydrogen plasmas showed significant broadening 
corresponding to an average hydrogen atom temperature 



of 25-45 eV; whereas, pure hydrogen, krypton-hydrogen, 
xenon-hydrogen, and magnesium-hydrogen showed no ex- 
cessive broadening corresponding to an average hydrogen 
atom temperature of as 3 eV. 

3.2. Power balance measurements 

The temperature increase above the ambient temperature 
of 25 ±0.1 °C as a function of the power applied to each of 
I he gases and metal-gas mixtures at 2 Torr total pressure was 
plotted for the input power range of 35-160 W as shown 
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Wavelength (nm) 

Fig. 5. The 6562 nm Babner <x line width recorded with a high resolution (±0.025 nm) visible spectrometer on a helium-hydrogen ( 

and a hydrogen glow discharge plasma. Significant broadening was observed corresponding to an average hyoYogeo atom temperature of 30 

-35 eV. 
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Fig. 6. The 656.2 nm BaJmer.*fae wkllh.riewded with a high resolution (±0.025 nm) visible spectrometer on an argon -hydrog en ( fjj%) 
and a hydrogen glow dtschaffe plasma. Significant broadening was observed corresponding to an average hydrogen atom temperature of 30 

-35 eV. ... f." 



in Fig. 9. The t&tt squares fit of the &T response to unit 
input power calculated from the control plasmas, krypton 
and krypton-hydrogen, (Eq. (16)) was determined to be 



= 7.25 + 0.687 x Pj 



(17) 



where AT is in °C and Pj is in watts. At selected in- 
put powers, the total output power and excess power 
were determined using Eqs. (17) and (15), respectively. 



for ( I ) a mixture of hydrogen and vaporized strontium, 
(2) argon-hydrogen mixture <y%), and (3) a helium- 
hydrogen mixture (tt%) or an argon-hydrogen mixture 
(2%) with vaporized strontium as shown Tables 3-6, 
respectively. 

For a power input to the glow discharge of 1 10 W, the 
excess output power of mixtures of strontium with argon- 
hydrogen (^%), strontium with hydrogen, strontium with 
helium-hydrogen (f %), and argon-hydrogen <^%) was 
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Fig. 7. The 656.2 nm Balmer <x line width recorded with a high resolution (±0.025 nm) visible spectrometer on a strontium with he- 
lium-hydrogen ( and a hydrogen glow discharge plasma. Significant broadening was observed corresponding to an average hydrogen 
atom temperature of 40-45 eV. 
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Fig 8 The 656.2 nm Bahw Tlir^wM recorded with a high resolution (±0.025 nm) visible spectrometer on a strontium with ar- 
gon-hydrogen (f§%) and androgen glow discharge plasma. Significant broadening was observed corresponding to an average hydrogen 
atom temperature of 35^to*^y 



75. 58, 50; and 2&W, respectively, based on a comparison 
of the temperature rise of the cell with krypton-hydrogen 
mixture (^%) and krypton alone. The input power was 
varied to determine conditions that resulted in (he optimal 
output for the strontium-hydrogen plasma. As shown in Fig. 
9 and Table 3, at 1 36 W input, the excess power significantly 
increased to 184 W. The effect was found to be repeatable 
in separate experiments. 



4. Discussion 

The Balmer a line width and energetic hydrogen atom 
density and energies were measured, and it was found 
that plasmas of strontium-hydrogen, argon-hydrogen, 
helium-hydrogen, and strontium with helium-hydrogen or 
argon-hydrogen showed significant broadening. Since line 
broadening is a measure of the plasma temperature, and 
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Table 2 

The 656.5 nm B aimer a line width (full width ai half maximum) 
and energetic hydrogen atom densities and energies for catalyst 
and noncatalyst plasmas 



Plasma 


Balmer a line 


Hydrogen atom 


Hydrogen atom 


gas 


FWHM 


density* 


energy 5 




(nm) 


(10 12 atoms/cm J ) 


(eV) 


H 2 


0.14 


50 


3-4 


Mg/H 2 


0.15 


60 


4-5 


Kr/H 2 


0.13 


10 


2.5-3.5 


Xe/H : 


0.14 


10 


3-4 


Sr/H 2 


0.28 


100 


2S-25 


He/H 2 


0.31 


30 


33-38 


Ar/H 2 


0.30 


30 


30-35 


Sr/He/H 2 


0.35 


40 


40-45 


Sr/Ar/H 2 


0.32 


40 


35-40 



'Approximate calculated (38]. 
Calculated [38]. 



power production was measured and observed from mix- ( I 
aires of strontium with argon-hydrogen strontium 
with hydrogen, strontium with helium-hydrogen ( and 1 3 
argon-hydrogen (^%). No possible chemical reactions of 
the 2 Torr or less hydrogen at a flow rate of 2 seem, the 1 5 
electrodes, low pressure strontium, or the helium or argon 
gas couid be found which accounted for the excess power 1 7 
of up to 184 W. In fact, no known chemical reaction re- 
leases enough energy (over 100 eV/H atom) to account for 19 
the power. The power was not observed when krypton or 
krypton-hydrogen replaced the argon-hydrogen or helium- 2 1 
hydrogen mixture. The power was commensurate with hy- 
drogen fuel consumption. These results indicate that the 23 
power was due to a reaction of catalyst with hydrogen. The 
results of the power balance measurements are consistent 25 
with the line broadening measurements. 



5. Concmsioo 27 



a significant increase was observed with the presence of a 
catalyst, the power balances of glow discharge plasmas were 
measured. 

Power production was observed from discharge plasmas 
having a source of hydrogen and atoms or ions which ionize 
at integer multiples of the potential energy of atomic hy- 
drogen (Sr, He + , or Ar + ); whereas, no excess power was 
observed in the case of krypton which does not provide a 
reaction with a net enthalpy of a multiple of the potential 
energy of atomic hydrogen under these conditions. Thermal 



An average hydrogen atom temperature of 25 -45 e V was 
observed by line broadening, wicb the presence of strontium 
atoms or argon or helium ion catalysts; whereas, pure hydro- 
gen, krypton-hydrogen, xenon-hydrogen, and magnesium- 
hydrogen plasmas showed no excessive broadening corre- 
sponding to aA average hydrogen atom temperature of ~ 
3 eV. Excess thermal power was observed only with a cat- 
alyst present which demonstrated that line broadening was 
an effective method of measuring the catalysis reaction of 
hydrogen. 
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Fig. 9. The temperature increase above the ambient te mp erat u re of 25 ± 0.1 °C as a function of the power applied to each of the gases and 
metal-gas mixtures. Significant excess power was observed in the case of catalyst-hydrogen plasmas ( strontium, helium, and argon with 
hydrogen X whereas, no excess power was observed from noncatary si- hydro gen plasmas. 
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Table 3 

The total output power and excess power ai selected input powers for the strontium-hydrogen plasma 



Voltage 


Current 


Input power 


Temp, rise above ambient 


Total output power 


Excess power 


(V) 


(A) 


(W) 


<±0.05°C) 


Pj (±2%) 


P<* (±2%) 


274 


0.130 


35.62 


46.20 


56.7 


21.1 


272 


0.221 


60.11 


72.15 


94.5 


34.4 


265 


0.316 


83.74 


98.90 


133.4 


49.7 


252 


0.435 


109.62 


122.60 


168.0 


58.4 


201 


0.677 


136.08 


226.95 


319.9 


183.8 


Table 4 












The total output power and excess power at selected input powers for the argon-hydrogen plasma 




Voltage 


Current 


Input power 


Temp, rise above ambient 


Total output power 


Excess power 


(V) 


(A) 


(W) 


&T (±0.05°C) 


Pj (±2%) 


. : ■ />« (±2%) 


207 


0.171 


35.40 


36.70 


42.9 


7.5 


215 


0.276 


59.34 


56.60 


71.9 


12.6 


211 


0.405 


85.45 


79.70 


105.5 


20.1 


225 


0.491 


110.48 


102.05 


138.0 


27.5 


230 


0.588 


135.24 


12170 


166.6 


31.4 


233 


0.688 


160.30 


141.40 


195.3 


35.0 



Table 5 

The total output power and excess power at selected input powers for the strontium-helium- hydro gen plasma 



Voltage 

(V) 


Current 
(A) 


Input power 
(W) 


Temp, rise above ambient - 
A7* (±0.05°C) % 


Total output power 

' Pj{±2%) 


Excess power 
/>«<±2%) 


175 


0.201 


35.18 


40.55 - ' 


48.5 


13.3 


172 


0.356 


61.23 


72.90 •;: 


95.6 


34.4 


178 


0.478 


85.08 


95.00 ^ .,. .; 


127.8 


42.7 


176 


0.630 


110.88 


I22.50# 


167.8 


56.9 


181 


0.747 


135.21 


139.00*. 


191.8 


56.6 


182 


0.886 


161.25 


15*20 ^ r 


219.8 


58.6 



Table 6 




Ar- 








The total output power and excess power at selected input powers for the strorrnum-argon-hydrogen plasma 




Voltage 


Current 


mpit PJ&et^*^ ~ 


Temp, rise above ambient 


Total output power 


Excess power 


(V) 


(A) 




dT <±0.05°C) 


Pt (±2%) 


/>« (±2%) 


124 


0.286 


% 35.46^ 


62.85 


81.0 


45.5 


151 


0.399 




87.85 


117.4 


57.1 


158 


0.542 


:f 8164 


113.05 


154.1 


68.5 


163 


0.677^, 


:A .110.35 


134.50 


185.3 


75.0 


165 


0.821 T; > 


135.47 


158.90 


220.8 


85.3 


167 


0W. r * 


160.65 


174.35 


243.3 


82.7 



Excess power of up to 184 W by the catalytic reaction 
of strontium atoms, argon ions, or helium ions with atomic 
hydrogen corresponded to a volumetric power density of 
greater than I W/cm\ This is comparable to many coal fired 
electric power plants. The presently observed and previously 
reported energy balances were over 100 eV/H atom [ 1 2 , I 3]. 
The results are consistent with additional previously reported 



studies given in Section 1.2 which show very large energy 
balances. 

Since the net enthalpy released may be over several hun- 
dred times that of combustion, the catalysis of atomic hy- 
drogen represents a new source of energy with H 2 0 as the 
source of hydrogen fuel. Moreover, rather than air pollutants 
or radioactive waste, novel hydride compounds with poten- 
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tial commercial applications are the products [19-25]. Since 
ihe power is in the form of a plasma, direct high -efficiency, 
low cost energy conversion may be possible, thus, avoiding 
a heat engine such as a turbine [26.27] or a reformer-fuel 
cell system. Significantly lower capital costs and lower com- 
mercial operating costs than that of any known competing 
energy source are anticipated. 
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